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ABSTRACT The B protein of bacteriophage A acts in
homologous genetic recombination by catalyzing the anneal-
ing of complementary single-stranded DNA produced by the
A exonuclease. It has been shown that the 8 protein binds to
the products of the annealing reaction more tightly than to the
initial substrates. We find that 3 protein exists in three
structural states. In the absence of DNA, 8 protein forms
inactive rings with ~12 subunits. The active form of the 3
protein in the presence of oligonucleotides or single-stranded
DNA is a ring, composed of ~15-18 subunits. The double-
stranded products of the annealing reaction catalyzed by the
rings are bound by  protein in a left-handed helical struc-
ture, which protects the products from nucleolytic degrada-
tion. These observations suggest structural homology for a
family of proteins, including the phage P22 erf, the bacterial
RecT, and the eukaryotic Rad52 proteins, all of which are
involved in homologous recombination.

The bacterial RecA and homologous eukaryotic Rad51 pro-
teins play a central role in recombination and repair, and they
have been the most intensively studied enzymes in homologous
genetic recombination (reviewed in refs. 1-3). Proteins of the
universal RecA family, which promote the recognition of
homology in duplex DNA by a single strand from a DNA
homolog, are central to a pathway of recombination named
single strand invasion, after the underlying mechanism. It has
become clear, however, that other pathways of homologous
recombination exist that may employ totally different mech-
anisms. In particular, there is a second apparently universal
pathway, the single strand annealing pathway, named after its
underlying mechanism (4). In Escherichia coli this pathway is
governed by proteins of the A Red system, 3 protein and a 5’
exonuclease (Reda). Although an atomic-resolution crystal
structure now exists for the exonuclease (5), very little infor-
mation has been obtained about physical properties of 8
protein. Nevertheless, genetic and biochemical data provide
some insight into the function of .

B is capable of annealing complementary DNA strands (6,
7), and the annealing of two parental chromosomes cut at
nonallelic sites was shown to be the major mode of Red
recombination in rec4 mutant cells (8). Recombination by
invasion of the intermediates produced by Redap at the site of
a double-strand break was proposed (9, 10). The cooperative
action of A exonuclease and B was used to explain the
Red-mediated double strand break repair (11). No pairing of
single-stranded DNA (ssDNA) with double-stranded DNA
(dsDNA) in the presence of 8 was detected (7), whereas 8 was
shown to drive a strand displacement only when the two
substrates have complementary single-stranded regions (12). 8
protein binds to ssDNA (7), and the minimum length of
ssDNA required for stable binding was reported to be between
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28 and 36 nucleotides (13). B protein was inefficient in
protecting dsDNA from the action of DNase I (7), suggesting
a poor binding of B to dsSDNA, which was later confirmed (14).
However, partially duplex substrates, and duplex products
produced by the action of B protein, formed stronger associ-
ations with B than did ssDNA (14).

In this paper we describe three quaternary states of the 8
protein: two ring-like structures and a helical filament. The
bacteriophage P22 erf (essential recombination function) pro-
tein was shown to be a functional homolog of the $ protein of
bacteriophage A (15), and it was previously demonstrated that
erf also forms rings (16). The E. coli RecT protein is involved
in a RecA-independent pathway of recombination (17) and
forms rings in the absence of DNA and helical filaments on
ssDNA (18). The eukaryotic Rad52 protein is essential in both
Rad51-dependent and -independent pathways, the latter in-
cluding single strand annealing (19-21), and assembles into
rings in the presence of ssDNA (22). On the basis of these
functional and structural similarities, we suggest that 3 protein
is a member of a family of recombination proteins found in
phage, bacteria, and eukaryotes.

MATERIALS AND METHODS

B Protein. The protein was prepared as described by Kara-
kousis et al. (14).

DNA Substrates. A phage, ssM13 mp18, and dsM13 mp18
were purchased from New England Biolabs. Calf thymus DNA
and ¢X174 (replicative form) were obtained from Sigma.
X174 fragments with blunt ends: 10 pg of $X174 DNA was
digested with 50 units of Hpal (10 units/ul, Promega) in 60 ul
of reaction mixture, containing commercially provided buffer
for 1 hr at 37°C. DNA was then loaded on a low-melting-point
agarose gel and subjected to electrophoresis. The resulting
412-, 1,264-, and 3,710-bp bands were excised and extracted.
Denatured DNA (the DNA fragments from the latter exper-
iment and calf thymus DNA): DNA was placed in a boiling
water bath for 2 min and 15 sec and then quickly put on ice.
dsDNA with 3’ single-stranded tails of increasing lengths: 25
pg of $X174 DNA was cut with 26 units of PstI (13 units/pul,
IBI) in a 60-ul reaction mixture, containing commercially
provided buffer, after 1-hr incubation at 37°C. Twelve micro-
liters from the reaction mixture were diluted in 105.4 ul of 20
mM potassium phosphate buffer, pH 6.0, and further digested
with 13 units of [A] exonuclease (5 units/ul, Boehringer
Mannheim) for 20 sec, 40 sec, and 5 min at 37°C. DNA was
loaded on a low-melting-point agarose gel, electrophoresed,
excised, and extracted. dsDNA with a blunt end and a 4-base
protrusion: 12.5 ug of $X174 DNA was digested with 13 units
of Pstl in a 30-ul reaction mixture, containing commercially
provided buffer, after 1-hr incubation at 37°C. NaCl was added
to a final concentration of 150 mM, and 60 units of Xxol (10

Abbreviations: ssDNA, single-stranded DNA; dsDNA, double-
stranded DNA.
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units/ul, Promega) were added. The reaction mixture was
incubated for another hour at 37°C. DNA was loaded on a
low-melting-point agarose gel, electrophoresed, excised, and
extracted.

Small Ring Preparation. 3 protein (0.8 uM), 10 mM MgCl,,
and 20 mM potassium phosphate buffer (pH 6.0) were incu-
bated for 10 min at 37°C.

Large Ring Preparation. 3 protein (0.8 uM), 180 uM
30-mer (a generous gift of Smita Patel, Ohio State University),
10 mM MgCl,, and 20 mM potassium phosphate buffer (pH
6.0) were incubated for 10 min at 37°C. Either 9 or 14.5 uM
B protein and 90 or 120 uM heat-denatured calf thymus DNA,
10 mM MgCl,, and 20 mM potassium phosphate buffer (pH
6.0) were incubated for 10 or 25 min at 37°C. Also, 0.9 uM B
protein, 91 uM ssM13 (New England Biolabs), 10 mM MgCl,,
and 20 mM potassium phosphate buffer (pH 6.0) were incu-
bated for 10 min at 37°C.

Filament Preparation. Thirty micromolar dsDNA with 3’
single-stranded tails was incubated with 3.6 uM B protein, 10
mM MgCly, and 20 mM potassium phosphate buffer (pH 6) for
10 min at 37°C. Also, 1.6 uM B protein, 40 uM heat-denatured
1,264-base $pX174 DNA fragment, 10 mM MgCl,, and 20 mM
potassium phosphate buffer (pH 6) were incubated for 30 min
at 37°C.

Electron Microscopy and Image Analysis. Samples (5 ul)
were placed on carbon-coated glow discharged grids and
blotted after 30 sec. Grids were then stained with 2% (wt/vol)
uranyl acetate for ~40 sec, blotted dry, and examined with a
JEOL 1200 EXII electron microscope at magnification of
30,000X and accelerating voltage of 80 kV. Samples for
low-angle rotary shadowing were prepared as described (23).
Micrographs were scanned using a sampling that corresponded
to 4 A/pixel. Single particle image analysis employed the
SPIDER software package (24).

Rings formed in the absence of a polynucleotide. Using a
reference-free alignment procedure (25), we generated an
average of 1,373 small rings. This average (data not shown)
displayed a weak 12-fold symmetry, so all images were then
ranked according to their 12-fold rotational power (26) and the
top 900 images were aligned and averaged (Fig. 1d). The new
average displays a clear 12-fold rotational symmetry. To test
the reliability of this method, the 1,373 rings were also ranked
according to their 10-, 11-, 13-, and 14-fold rotational powers.
Averages were then created containing from 300 to 900 of the
top images for each rotational symmetry-based sorting. All of
these averages were quite poor, with the exception of an
average of 600 of the top 11-fold rings. This average, although
not as good as the average of the 900 top 12-fold images (Fig.
1d), did suggest 11 subunits.

Rings formed in the presence of a 30-base oligonucleotide. The
averages of 969 images displayed rings with 15 or 16 subunits,
hence the images were arranged according to their strongest 15
and 16 rotational powers. The top 200 to 750 rings were
selected for each rotational power, aligned, and averaged.
Both groups of rings gave averages with 15- or 16-fold sym-
metry with uneven resolution along the circumference, 180—
184 A in diameter with a central hole of ~70 A.

Rings formed in the presence of long ssDNA. An average of
1,942 rings, assembled in the presence of ssDNA, showed a ring
composed of ~17-19 subunits (not shown). The aligned
images were then ranked according to their 17-, 18-, and
19-fold rotational power, and the top 300 to 1,000 were
selected for each symmetry. These subsets were then indepen-
dently aligned, and the rotational power spectrum was com-
puted for each image and averaged. Only the averaged power
spectrum from the images selected for 18-fold symmetry
showed a distinct peak. Therefore, rings were selected for the
strongest 18-fold power, and an average of the 600 rings with
the strongest 18-fold rotational power is shown in Fig. 1f. It can
be seen that this average is somewhat asymmetric, with
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subunits on one side resolved more distinctly than those on the
opposite side. This asymmetry would arise from disorder,
where the alignment procedure can bring subunits on one side
into register by rotational and translational shifts, but not on
the other side at the same time.

Helical filaments. Filament images were straightened by
using a spline algorithm (27). Fourier transforms of individual
filaments did not reveal features arising from the individual
subunits, but rather showed only the diffraction associated
with a continuous helical strand. Because the strand cannot be
actually continuous, but must arise from individual B8 subunits,
the inability to see the subunit spacing is most likely caused by
a large degree of disorder. We therefore created a simulated
fiber pattern by averaging the Fourier transforms of 59 fila-
ments, each having a mean helical pitch near 125 A, in an
attempt to enhance any weak features. This transform (Fig. 2f)
shows only the single layer line (at ~1/125 A~1) arising from
the left-handed one-start helix. Treating the filament as a
continuous helix, we extracted the equator and the 1/125 A1
layer line from each of these 59 filaments, and averaged them
together, searching for the axial translation and polarity (up
versus down) that would bring each into best register with all
of the others. After seven cycles of averaging, 34 filaments were
found that averaged together quite well, with a clear polarity
(average up—down phase residuals of 30 versus 50). The
averaged layer lines from these filaments are shown in Fig. 4a,
and a reconstruction generated from these layer lines is shown
in Fig. 4b.

5
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F1G. 1. (a—c) Electron micrographs of B protein forming small
rings in the presence of MgCl, (a), oligonucleotides (b), or ssM13 (c).
(Scale bar = 1,000 A.) (d—i) Image averages. (d) Average of 900 small
rings showing 12 subunits. (¢) Average showing ~15 subunits from the
300 large rings with the strongest 15-fold rotational power. The rings
were formed in the presence of a 30-mer oligonucleotide. (f) Average
of 600 large rings with 18 subunits assembled after incubation with
heat-denatured calf thymus DNA. (g) Twelve-fold symmetrized image
from d. (h) Fifteen-fold symmetrized image from e. (i) Eighteen-fold
symmetrized image from f. (Scale bar = 100 A.)
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F1G. 2. (a-e) Electron micrographs of B protein forming helical
filaments on dsDNA. (a) Compressed helix with a pitch less than 115
A. (b) Helix with a pitch ranging from 115 to 135 A. (¢) Extended helix
with a pitch greater than 135 A. (d) Rotary-shadowed filament,
showing left-handed protein helix. (e¢) Uncoiling of the filaments
(arrows). (Scale bar = 700 A.) (f) Fourier transform (simulated fiber
pattern) generated by averaging the intensities from transforms of 59
individual B-DNA filaments. Only the single layer line at 1/125 A1
is seen. (g) Pitch distribution of the B-DNA filaments.

RESULTS

Small Rings. When B protein alone, in the absence of a
polynucleotide, was examined by electron microscopy, large
numbers of rings were seen (Fig. 1a). Mg?™ was essential for
the assembly of these rings. The signal-to-noise ratio in the raw
images was insufficient to reliably see internal structure in
these rings, so image averaging was employed. The results are
consistent with either a polymorphism in the number of
subunits (11 or 12), or rings with a fixed symmetry (12
subunits), but with a large degree of disorder.

The averaged ring (Fig. 1d) is about 145 A in diameter, with
a central hole ~35 A in diameter. Surrounding the central hole
there is a continuous ring of density, with 12 knob-like
projections extending out from it. A 12-fold symmetrized
image of this average is shown in Fig. 1g. Since a monomer of
the B protein has a molecular weight of 25,814 (28), it would
be about 20 A in radius, assuming that it is perfectly spherical
(and assuming a partial specific volume for proteins of 0.75
cm3/g). Thus, the size of the observed ring is consistent with
containing ~12 subunits of the B protein, and the possibility
that two 8 subunits are contained in each “spoke,” or that two
spokes are part of the same 8 subunit, appears unlikely.

Large Rings. In the presence of ssDNA or oligonucleotides,
B protein formed large rings as well as small rings. Unlike the
small rings, these large rings were not seen at all in the absence
of DNA. The addition of 58-fold excess of ssM13 over
resulted in the formation of numerous large rings, and the
absence of any small rings. This observation suggests that the
small rings convert directly or indirectly (by disassembly and
reassembly) into large rings.

An oligonucleotide containing 30 bases was adequate to
produce many larger rings when it was incubated with the
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protein (Fig. 1b). Image analysis was used to examine the
structure of these rings, and the results suggested that these
rings were composed of 15 or 16 subunits. A raw average of 300
of these rings is shown in Fig. le, while a 15-fold symmetrized
version of this average is shown in Fig. 1h. The averaged ring
is ~185 A in diameter, with a central hole of about 75 A.

In the presence of ssDNA, the rings formed were larger than
those seen with an oligonucleotide, but their structure appears
similar (Fig. 1c). An average of these larger rings is =210 A in
diameter (Fig. 1f), with a central hole ~100 A in diameter. An
18-fold symmetrized version of this average is shown in Fig. 1i.
The size of the individual subunits within the average is
comparable to that seen in the small rings (Fig. 1g), so we
conclude that each subunit corresponds to a single 8 protein.

Mg?* and long ssDNA both stabilized the formation of the
large rings. In the absence of Mg?* and the presence of an
oligonucleotide, no large rings were observed. However, in the
presence of a ssDNA (1.2 kb) and the absence of Mg?*, large
rings were observed, but many were incomplete and the
circular ring structure was disrupted. DNA ends are not
required for ring formation, as circular ssDNA molecules were
effective as substrates. However, circular dsDNA failed to
induce the formation of the large 3 rings.

Helical Filaments. In the presence of DNA, filaments of 8
protein were also found (Fig. 2 a—c). These filaments are
helical (as shown by further analysis below), have a diameter
similar to that of the large rings (=200 A), and have a variable
pitch. .

Only short helices (up to ~750 A) were observed with
noncomplementary ssDNA. The length of the filaments in-
creased up to 4 times when heat-denatured complementary
strands (a 3,710-base fragment from ¢$X174) were introduced
as substrates. The length of the filaments was the longest
(=6,000 A) when A DNA (linear dsDNA, 48.5 kbp) was used.
Filament formation was enhanced by the presence of single-
stranded overhangs. Linearized ¢$X174 dsDNA treated with A
exonuclease for 20 sec, 40 sec, and 5 min gave rise respectively
to =3, 7, and 10 times more B filaments than dsDNA with a
blunt end and a 4-base protrusion. DNA ends were required,
as covalently closed circular dsDNA failed to induce B poly-
merization into filaments.

Blarge rings and filaments had different times of appearance
during the course of DNA renaturation. Heat denatured 3.7-kb
$X174 fragment was mixed with B and incubated for 10 sec and
30 sec at 37°C. Only large rings were observed after 10-sec
incubation, whereas large rings and filaments were detected
after 30-sec incubation. Filaments originating from rings were
very often observed under DNA annealing conditions (Fig. 3
a and b). This association did not seem coincidental because
of the high frequency of occurrence. When a heat-denatured
1,264-base $pX174 DNA fragment was incubated with 3, many
large rings were attached to filaments of less than 9 turns (the
maximum number of helical turns observed was 12-13). The
average of 31 such rings had a ~216-A diameter, which
suggested a structure of ~18 subunits (see above). Rings and
filaments were joined frequently on dsDNA with single-
stranded tails (Fig. 3c). We can exclude the possibility that the
orthogonal orientation of the ring to the filament axis is due
to adsorption to the grid or specimen preparation for negative
stain electron microscopy, since the same relationship was
observed in frozen—hydrated specimens (data not shown).

The length of the filaments was not related to the length of
the single-stranded overhangs, suggesting that the filaments
form mainly on the dsDNA. The polarity of the ssDNA tails
was not important, as DNA with both 3’ (dsDNA digested with
A exonuclease) and 5’ single-stranded tails (A phage cohesive
ends) were adequate substrates for nucleation of the filaments.

In the presence of dsDNA, the formation of helices did not
require Mg?*. The same was not true for filaments formed
when complementary ssDNA was the starting substrate. The
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F1G. 3. (a and b) Electron micrographs showing the association of
helical filaments and large rings (arrows), after 8 protein was incu-
bated with MgCl, and heat-denatured 1,264-base ¢X174 fragment. (c)
Filaments originating from large rings when partially duplex ¢$X174
DNA was incubated with g and MgCl.. (Scale bar for @ and ¢ = 1000
A. The magnification of b is 2 that of @ and c. )

incubation of 8 protein with heat-denatured DNA and Mg?*
resulted in the formation of many large rings and filaments of
all lengths. Without Mg?* in this reaction only a very few short
filaments and many abnormal, incomplete rings were ob-
served.

The helical filaments were left-handed as determined by
examining rotary shadowed specimens (Fig. 2d) and existed in
three states: the majority had a medium pitch ranging from 115
to 135 A, but compressed helices, with a pitch as low as 75 A,
and extended helices with a pitch as high as 205 A were also
encountered (Fig. 2 a—c and g). Sometimes, portions of the
helices were fully uncoiled (Fig. 2¢). In an effort to see whether
the polymorphism and unraveling were due to specimen
preparation for negative-stain electron microscopy, images of
unstained, frozen—hydrated specimens were obtained by cryo-
electron microscopy. These images (data not shown) were very
similar to those obtained by negative staining, suggesting that
specimen preparation was not responsible for the range of
structures observed in Fig. 2.

A three-dimensional reconstruction (Fig. 4b) was generated
from an average of 34 filaments, each having a pitch of ~125
A. The helical image analysis and three-dimensional recon-
struction provide no direct evidence for the number of B
subunits per turn of the left-handed helix, so other methods
were used. An analysis of 27 short unraveled segments of the
helical filaments (e.g., Fig. 2¢) showed a weak periodicity of
about 30 A. The path length along the 125-A pitch helix at the
center of the density (- = 83 A) is about 530 A for one turn.
Since it is reasonable to assume that the spacing of subunits is
similar within the helix and the unraveled strand, this period-
icity within the unraveled segments would correspond to about
18 subunits per turn within the helix. The volume enclosed by
the reconstruction shown in Fig. 4b corresponds to that
expected from about 20 B subunits.

The images provide no direct evidence for the position of the
DNA within the B helix, but the possibility that the DNA runs
linearly along the axis of the helix can be excluded by the
density distribution shown in Fig. 4b. If this were the case, there
would be no contact between the protein and the DNA. The
observed density distribution suggests that the radius of the
DNA will be somewhere between about 65 and 100 A. The
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FiG. 4. (a) Averaged layer lines from 34 filaments. (b) Cross
section of the helical reconstruction generated from the layer lines in
a. The reconstruction is shown by two slices, one atz = 0 A (solid lines)
and one atz = —62.5 A (dotted lines), half of a helical turn away. The
outer contour shown encloses a volume of 700,000 A3 for one helical
turn, and was chosen so as to yield a thickness (between Rmin and Rmax
shown) of about 35 A. This was the approximate thickness of the
strands seen in regions (Fig. 2¢) where the filaments unravel. The cross
sections show that the helix consists of a single compact nucleoprotein
strand, as shown in the model of Fig. 5b.

longest filaments on a 3.7-kb double-stranded fragment of
$»X174 DNA contained ~25 helical turns. Assuming that the
DNA was not stretched, this would correspond to a DNA path
length of 503 A per turn [3.4 A x (3,700/25)]. With a
1,264-base double-stranded fragment of ¢$X174 DNA, the
longest B filaments formed had ~12 helical turns, correspond-
ing to a path length of 340 A per turn. Similarly, with a 412-bp
X174 dsDNA fragment, the longest filaments formed con-
tained ~4 helical turns, corresponding to a path length of 350
A per turn. Because the path length per 125-A pitch helical
turn, Iy, is given by [, = [(27)? + 125%]', these values for the
path length correspond to radii of 77 A, 50 A, and 52 A,
respectively. The disparity between the first value and the
second two may arise from the fact that when longer dsDNA
substrates were used, the 3 filaments did not continue to grow
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in length. For example, when intact A DNA was used (48.5 kbp)
filaments longer than 50 turns were never observed. Similarly,
when calf thymus dsDNA was used, the longest filaments were
of comparable length. This suggests that the value of ~50-A
radius is the best estimate, and the DNA is coiling at the inner
radius of the B filament. This would also be consistent with
data showing a partial protection of the dsDNA by B protein
(7), making it unlikely that the DNA is exposed on the outside
of the filament.

DISCUSSION

Three quaternary states of B protein were discovered: small
rings, large rings, and helical filaments. Evidence suggests that
the small rings (~145 A in diameter) are inert and inactive,
whereas the large rings (=185-210 A in diameter) are the
active form of B in the initial catalysis of annealing. With
30-base oligonucleotides, B protein assembled into 15- or
16-subunit rings. The behavior of B in the presence of oligo-
nucleotides is consistent with the results of Mythili e al. (13),
who reported that 28-36 nucleotides was the minimum length
required for a stable binding of B to DNA. Thus, the form of
B detected in this binding assay was the large ring (15 or 16
subunits), while the 12-subunit ring did not bind to ssDNA.

In the presence of complementary ssDNA and Mg?*, B8
formed numerous large rings and filaments. The two forms
appeared to be related, as a ring was frequently found at one
of the helical ends. The large rings bind to one DNA strand and
initiate its annealing to the complementary strand. Once
initiated, the annealing can proceed spontaneously, followed
by the formation of a ring-nucleated filament on the duplex
DNA. The fact that under reannealing conditions rings are the
first B structure to form on the ssDNA, followed by filament
assembly as the renaturation progresses, supports our hypoth-
esis that rings initiate the filaments rather than terminate
them.

Evidence for the possible mechanism of B-catalyzed DNA
renaturation is provided by the preferential binding of the two
quaternary structures to different substrates: large rings to
ssDNA and filaments to dsDNA. We have shown that filament
formation on dsDNA requires the presence of an end, since no
filaments are formed on circular dsDNA. Large rings and
filaments are formed on partially duplex DNA, and there is
reduced filament formation on blunt-ended dsDNA. Because
large rings will form on the sSDNA tails present in the partially
duplex DNA, there is a higher likelihood for the filaments to
nucleate adjacent to the large rings than on the opposite end
of the duplex. When the entire DNA fragment is renatured the
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large rings may detach from the dsDNA, as full-length fila-
ments (12-13 helical turns on 1,264-bp DNA fragment) asso-
ciated with a ring are never detected.

We have assumed that the main role of the large B rings is
to catalyze the initiation of reannealing, involving the recog-
nition of complementarity between two strands, which is the
rate-limiting step (29). In this model, the extension of rean-
nealing will proceed rapidly and spontaneously, and the 8
filament forms on dsDNA as it spontaneously anneals. A
possible active role for filaments is that they displace any
additional B rings bound to both complementary strands.

On the basis of our observations, we have generated a model
for the relationship between 3 protein and DNA (Fig. 5). The
annealing activity of the large rings (Fig. 5a) is very likely to
follow the similar model proposed for the P22 erf protein (16),
in which the ssDNA is wrapped around the outside of the rings,
exposing the bases. The facts that longer DNA stabilizes rings
formed in the absence of Mg?* and produces larger rings than
those formed by oligonucleotides are consistent with such a
mode of binding. If the interaction of the ssDNA with the large
ring were local (at the level of a single subunit), we would not
expect to see either of these phenomena, because the oligo-
nucleotide would bind in the same manner as the ssDNA.
However, if there is a wrapping of the ssDNA around the
outside of the ring, a long ssDNA would be binding many
subunits, whereas a short oligonucleotide would be binding
only a few subunits.

One of the barriers to DNA annealing is the secondary
structure that random ssDNA will form, so a catalytic role will
be provided by the protein if it can maintain the bases in an
exposed conformation. In the model presented here the DNA
backbone is bound to the B ring, which would provide pro-
tection against nucleolytic degradation, in agreement with the
observed protection from exo- and endonucleolytic attack
provided to oligonucleotides by B (14).

We envision that the annealing reaction proceeds via the
interaction of a single B—ssDNA ring complex with a comple-
mentary naked ssDNA, but experiments are needed to directly
test this. After the initiation of annealing, the two single
strands zipper together into a dsDNA that is supercoiled
within a helical filament formed by B protein (Fig. 5b). A
model has been generated assuming that there is no stretching
of the DNA, which would lead to about one left-handed
supercoil turn per 100 bp. Interestingly, this is not that
different from the amount of supercoiling found in the eu-
karyotic nucleosome, which is 1.75 left-handed supercoils per
146 bp (or 1 left-handed supercoil per 83 bp) (30).

F16.5. Models for the complex of the large B ring and ssDNA (a) and the B helix formed on dsDNA (b). The ssDNA is believed to wrap around
the outside of the 18-subunit rings, as proposed for phage P22 erf protein rings (16). The exposure of the bases would provide the catalytic role
played by these rings in DNA annealing. The helical filaments are formed by B protein on preformed dsDNA, or on dsDNA products of the
B-catalyzed annealing reaction. The B filament induces a left-handed supercoil in the DNA, with about one supercoil turn for every 100 bp.
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There are two possibilities for the origin of this supercoiling.
One is that the B protein imposes it on the DNA by the
formation of a helical B “scaffold.” The other is that the local
interaction of B with dsDNA results in a change in the twist of
the DNA, from about 10.5 to 9.7 bp per turn, so that a
left-handed supercoiling is induced by the DNA to relax this
change in twist. The latter possibility would be likely only if the
B protein formed a very flexible structure, but the existence of
the unraveled strand of the f-dsDNA complex (Fig. 2¢) is
consistent with such a very flexible structure. However, we
have no direct information about any local change in twist of
the DNA, so this possibility remains speculative.

The uncoiling of the B—dsDNA helical filament into a linear
strand suggests a large conformational flexibility for this
structure. Similar helix unraveling has been seen for a nucleo-
capsid protein—-RNA complex from an animal virus (31) and
for bacterial pili (32). Because the large ring has a diameter
similar to that of the filament, and it is likely that there are ~18
subunits of B in both the ring and one turn of the filament, it
is possible that the subunit-subunit interactions are similar in
both. This might arise if the ring and filament are two stable
forms of the same linear polymer of 8 and DNA (present in the
unraveled regions of the helix), with the ring being a B—ssDNA
complex and the filament being a f—~dsDNA complex.

The erf protein is the bacteriophage P22 analog of B protein
functioning in homologous recombination (33). erf anneals
complementary ssDNA strands (34) by means of ring-like
oligomers which were suggested to bind DNA around their
outer surface (16). erf rings resemble, both functionally and
structurally, the large B rings which we also envision to wrap
ssDNA externally (Fig. 5a).

RecT is a member of the RecE recombination pathway of E.
coli, which is analogous to the Red pathway of the A phage.
RecT promotes homologous pairing and strand exchange (35,
36), and it carries out double-strand break repair (37). It exists
in multiple forms, but only one of them, a helical filament,
binds to DNA (18). Even though B protein and RecT are
functionally and to some extent structurally similar, their
DNA-binding modes are quite different. The RecT rings do
not require DNA, whereas ssDNA is essential for the large 8
rings. On the other hand, RecT filaments form on ssDNA
whereas B filaments are generally associated with dsDNA.
Further research is needed to sort out the functions of each
RecT quaternary state.

Rad52 is another protein with annealing activity (19, 20) that
is involved in DNA recombination and repair (38). It has been
demonstrated biochemically that human Rad52 self-associates
(39), and yeast Rad52 assembles into rings as shown by
electron microscopy (22). Rad52 forms complexes with both
ssDNA and dsDNA, whereas Rad52 rings bind only to ssDNA
(22).

Functional similarities between 8 on the one hand and E.
coli RecT and P22 erf, on the other, have been previously
suggested (15, 35), and it has been shown that both RecT (18)
and erf (16) form rings. Our observation that the active form
of B is a ring is particularly interesting, given the role of
eukaryotic Rad52 in the single strand annealing pathway of
recombination (4, 40) and the recent demonstrations that
Rad52 from both Saccharomyces cerevisiae (22) and humans
(41) forms rings. This finding suggests that while sequence
homology among these different proteins is insignificant, they
are likely to be structural and functional homologs.
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